The adsorption and dissociation of water on a Ru(0001) surface containing a small amount (≤ 3 %) of carbon impurities was studied by scanning tunneling microscopy (STM). Various surface species are formed depending on the temperature. These include molecular H 2 O, H 2 O-C complexes, H, O, OH and CH. Clusters of either pure H 2 O or mixed H 2 O-OH species are also formed. Each of these species produces a characteristic contrast in the STM images and can be identified by experiment and by ab initio total energy calculations coupled with STM image simulations. Manipulation of individual species via excitation of vibrational modes with the tunneling electrons has been used as supporting evidence.
Introduction
The adsorption of water on surfaces is a topic of long standing interest in electrochemistry, catalysis and environmental sciences. 1, 2 In all these fields, determining the nature of the species formed upon adsorption of water is a crucial first step for an understanding of the chemical process and for the development of predictive models of reactivity and wetting characteristics of the material. The expected species include intact molecules (H 2 O), hydroxyls (OH), oxygen (O), hydrogen (H), in addition to reaction and solvation products with other surface atoms. The scanning tunneling microscope (STM)
is an excellent tool to study the structure and spatial distribution of these species. Precise identification of different species by STM is, however, challenging because the observed image contrast depends on their detailed composition and electronic structure as well as that of the tip.
In the past decade, inelastic electron tunneling spectroscopy (IETS) by STM has brought the capability of chemical identification through vibrational spectroscopy to the single molecular level. 3 When molecular vibrational modes are excited by tunneling electrons, anharmonic effects can couple the modes and induce molecular motions or reactions such as diffusion and dissociation. Examples of these effects include the diffusion of water molecules on Pd(111), 4 Cu(111) and Ag(111), 5 after excitation of the scissor or O-H stretch modes by tunneling electrons. In these cases, although it is difficult to obtain IET spectra, chemical information can be extracted by investigating the vibrationally induced processes. We have made a detailed study of these effects for water and its dissociation products on Ru(0001). While a full report will be presented in a forthcoming article, some results will be briefly mentioned here when needed to support the identification of surface species. In this paper, we present a study of the various species formed upon water adsorption and dissociation on Ru(0001). Ab initio calculations of the structure and energetics of these species, together with STM image contrast calculations, are also presented. In addition to helping the interpretation they provide a deeper understanding of the origin of the contrast mechanism in each case.
Density Functional Theory (DFT) provided the adsorption geometry and electronic structure. Simulated STM images were obtained by explicitly taking into account the tip-sample coupling. 6 A theoretical analysis of the appearance of various atomic adsorbates on Pd(111) was presented by Tilinin et al. 7 They found that atomic size and electronegativity were among the factors that determined the STM image contrast. Small species that subtract electron density from the Fermi level of the metal (by forming filled bonding orbitals well below the Fermi level), such as H, O and C, typically lead to a decrease in tunneling probability that produces negative contrast or depressions in STM images. For intermediate cases, where contribution of the atomic size and electronegativity are of the same order, the appearance can be more complex, such as protrusions surrounded by a depression ring. Finally, if the atomic size is large enough to overcome the apparent depression cased by the electronegativity of the species, they appear as protrusions in the images. From the theoretical point of view, our system presents a challenging case where different species coexist on the same surface, often with subtle differences among them. In order to reproduce the shape and corrugation of all the species imaged under the same tip and tunneling conditions, we have additionally explored a wide variety of tip apex structures.
The Ru surface used in these studies contained a certain amount of carbon (C) impurities (< 0.03 ML), with which water interacts to give a rich variety of species and complexes. Determination of the nature of such C-related species adds to our fundamental knowledge of the chemistry and catalytic role of Ru in important reactions such as Fischer-Tropsch.
Experimental

(a) Instrumentation
The experiments were performed using a home-built STM controlled by commercial RHK electronics. The system consists of two ultra-high vacuum (UHV) chambers connected to each other, as shown in the schematic diagram of Figure 1 9 where the coarse approach is achieved by the slip-stick motion of the scanner using a set of shear piezos. The sample is mounted on top of the scanner and the tip is stationary. The tip and the sample can be exchanged using a wobble stick. The sample can be heated from 6 to 300 K in the STM with a resistor mounted near the sample plate. The sample temperature is measured by a Si diode mounted between the sample plate and the heater. In the present experiments the 7 sample was annealed at different temperatures to induce chemical changes and then cooled back to 6 K for imaging. from 750 K to 1500 K in an O 2 atmosphere of 1-2 × 10 -7 Torr. Finally it was flash-annealed to 1650 K in UHV in order to remove excess O from the surface, as confirmed by AES spectra that show no O peak within the experimental resolution.
Occasionally a small O peak (corresponding to a very small fraction of a monolayer) was detected in spectra taken approximately 30 minutes after preparation. The presence of small amounts of C is difficult to determine by AES because the C peak at 272 eV overlaps with the main Ru peak at 273 eV. Its presence however is easily detected by STM, as shown in the image of Figure 2 . The dark spots in this image are due to C atoms, which segregate from the bulk after the high temperature flash-annealing. We will discuss the experimental evidence supporting this assignment in more detail below. The C surface concentration was approximately 3 % of a monolayer (ML), as found by counting spots and using the Ru surface atom density. Although the visual appearance of the image gives the impression of a higher coverage of C, that is simply due to the relatively large footprint of the C depression by convolution with the STM tip. As shown later, the length of the tip trace as it scans over the atom is around 1 nm, about 3 times the lattice distance in Ru. It should be noted that the observed C atoms in the STM images cannot be due to e-beam assisted deposition during the AES measurement since after that the same cleaning procedure was repeated before STM measurement.
Milli-Q water in a glass tube was degassed by repeated cycles of freezing, pumping, and thawing prior to being introduced into the chamber through a leak valve and a dosing tube pointing towards the sample. After dosing, the sample was heated to various temperatures in order to induce reactions and rearrangements of H 2 O and other species. 
(c) Tip preparation
All STM data were collected at 6 K at a base pressure below 2 × 10 -11 Torr, using electrochemically etched W tips. The tips were further prepared in-situ by field emission and by voltage pulses and/or controlled contacts with the surface, until sharp and symmetric images of surface adsorbates were obtained. The final nature of the tip apex, however, could not be systematically controlled and the contrast and lateral resolution varied in images taken with different tips. The images obtained can be classified into three types that we associate with blunt, sharp, and anomalous tips. The blunt tips do not resolve the very small corrugation of the Ru lattice and are believed to consist of multiple atoms at the apex participating in the tunneling process. In contrast sharp tips, which we believe to have a single atom termination, do resolve the Ru lattice with a corrugation of ~2 pm (noise level is ∼0.5 pm) at gap resistances around 10 8 Ohm or less, as shown in Figure 3 (a). They also produce the sharpest images of atoms and molecules. Such tips could be obtained after a gentle contact with the Ru surface. After this contact a bump was observed in subsequent images of the area of the contact, suggesting that the tip structure was produced by transfer of a small amount of tip material to the surface. Finally anomalous tips, which occurred more rarely, produced unexpectedly high Ru lattice corrugation (3-8 pm), as shown in Figure 3 
Theoretical modeling
To simulate STM images a three-step procedure was followed. 10, 11 First, DFT calculations were performed to obtain the optimized geometry and electronic structure for a given adsorption model and for different tip structures. Second, a parametrization of the semi-empirical Hamiltonian of the Extended Hückel Theory (EHT) was performed by fitting the DFT derived electronic density of states (DOS) projected onto the surface atomic orbitals (AOs). Third and finally, an infinite system composed of two semi-infinite blocks for the tip and the sample was constructed, employing the parameterized EHT to describe all electronic interactions, and used to calculate the tunneling current.
The DFT calculations were performed using the SIESTA package 12 under the generalized gradient approximation (GGA). 13 Isolated species or complexes were modeled by slab geometries containing 3 Ru layers along the [0001] direction with a p(4 × 4) unit cell. We used standard parameter values for k-sampling, AO basis and other SIESTA specific parameters, and checked that the results were hardly modified upon increasing the convergence criteria. The binding energies deduced from the present calculations are listed in Table 1 for all the structures considered. Although the reported adsorption energies may deviate from the experimental values due to the multiple approximations involved, the qualitative trends can be reliably extracted from the table (e.g., the energetic hierarchy among different adsorption sites for a given species). The clusters typically contained 10 to 14 atoms, also allowing for the presence of C, O, CH or H species. We will only present here results obtained with a W-fcc (111) oriented tip with a sharp 10 atom pyramidal termination because this tip reproduced best the images obtained with the experimental sharp tips described above. We cannot rule out, however, that other tip structures could give similar results.
A fit of the EHT parameters to reproduce the SIESTA derived DOS was then performed for each ab initio calculation on each model system. 10 We employed a single-zeta basis set for all elements, with each l-shell described by one or two Slater orbitals. The only exception was the water molecule, for which we added a second s orbital to the H in order to account for the lowest and next lowest unoccupied molecular orbitals, the LUMO and LUMO+1, respectively. Figure 4 illustrates the level of agreement obtained with the EHT fit for this case by showing the projected DOS (PDOS) onto the water molecule and the Ru atom below it. Similar or better agreement has been obtained for the other atoms in the slab and for the rest of systems considered. A decomposition of the water EHT-PDOS into its MO contributions is also presented in the figure. By inspecting the broadening of these states, one may deduce that the highest occupied MO (HOMO) and the LUMO+1 show the largest interactions with the Ru atoms (states 1B 1 and 2B 2 ). An excellent correspondence between the SIESTA and EHT calculations is obtained except for the LUMO+1 state. Given the poor reliability of DFT for describing unoccupied states, we do not feel that this discrepancy is significant.
Furthermore, the EHT provides a larger gap between the 1B 1 and 2B 2 MOs, which should partly correct the too-small gaps typically obtained with GGA. In the last step, the DFT optimized geometries for the surface and tip apex atoms are each attached to Ru(0001) and W bulk slabs to construct the sample and tip blocks. After independently solving the Green's function for each surface, the two semi-infinite blocks are brought close to each other and matched up to first order in the apex-surface interactions in order to calculate the elastic tunneling current flowing between tip and sample. 11 In the matching process, a rigid shift between the tip and sample Fermi levels of eV tip was imposed for a given bias V tip . Topographic images were simulated by repeating the matching process while scanning the tip over the entire (4 × 4) surface cell with 50 pm resolution. At each pixel the tip height was adjusted until the desired current was 16 achieved. We fixed the tunneling parameters in all cases to V tip = 100 mV and I = 0.2 nA following the typical experimental conditions. Apparent heights and shapes of species derived in this way are summarized in Table 2 , together with experimental ones for comparison. the fact that the precise apex structure is unknown. Figure 5 .
We have also confirmed through image simulations that the tip sharpness is indeed responsible for the contrast difference between Figure 5 (a) and (b). For blunt tips the depressions become rounded and shallower, closely resembling those shown in Figure 5 (a). A decomposition of the current in terms of adsorbate and substrate contributions 18 reveals that the triangular shape of the C atoms in the images is the result of direct tunneling into the surrounding Ru atoms, whose electronic structure is strongly perturbed by presence of the C. We also note that the orientation of the triangular shape of C in the images is inverted with respect to the triangle of 3 Ru atoms around the hollow site ( Figure 3 (a) ). Similar shapes have been reported for O on several metal surfaces, 18, 19 although in many cases the triangle orientation was the opposite.
Atomically resolved images of the Ru surface lattice, like those in Figure 3 , indicate that both O and C atoms occupy the same type of hollow sites. The DFT results, presented
in Table I , are in line with this finding since they predict the hcp hollow site as the preferential adsorption site for both C and O.
(b) H 2 O monomers
In order to study individual H 2 O molecules, approximately 0.004 ML of H 2 O was adsorbed on the surface at 25 K and imaged at 6 K. The STM images revealed new bright features or protrusions with a density that increased in proportion to water vapor exposure.
They were therefore assigned to intact water monomers. It is known that water does not dissociate on Ru(0001) at this temperature. 20, 21 Two types of protrusions with different heights were observed, as shown in Figure 6 These dimensions are similar to those found for water monomers on other metal surfaces. [24] [25] [26] By drawing a 1 × 1 grid of Ru atom sites (using the C impurities and atomically resolved images as references), the monomers were found to always adsorb on top sites. Although not shown here, by using the same procedure we could reversibly convert one type of water molecule into the other. Topographic profiles obtained before and after displacement of the molecule (Figure 7 (Table 1 ) predict H adsorption in fcc hollow sites. Experimentally, the fcc nature of the site was confirmed by extending a 1 × 1 grid of points onto Ru sites by using the C sites as references. The assignment also agrees with previous theoretical 27, 29 and experimental results obtained by LEED 30, 31 and STM. 32 The simulated image of H (Figure 8 (b) inset) is a small roughly triangular shaped 15 pm depression and is a result of direct tunneling into Ru states. The triangle is oriented opposite to that formed by the neighboring Ru atoms. Although the calculated contrast for H is smaller than the experimental one by a factor of 2 (Figure 8 (b) ), the trend of increasing depth from H to C, to O is fully consistent with the experiments. In addition to isolated H atoms, another species can be found that appears as a circular depression 0.60 nm in diameter with a maximum at the center (sombrero shape), in images obtained with sharp tips, as shown in Figure 8 (a) and 9 (b). With blunt tips it appears as a depression 15-25 pm shallower than C, as shown in Figure 9 (a). We assign this species to CH based on theoretical calculations (Figure 9 (c) ) and the observation that it can be dissociated back into C and H by voltage pulses from the STM tip. The same CH species can also be produced in the absence of water by exposing the surface directly to H 2 gas molecules, which readily dissociate (at the adsorption temperature of the experiment of 100 K) to form adsorbed H. We find that C and CH have equivalent adsorption sites and the DFT total energy results presented in Table I confirm absence of isolated O atoms or OH molecules. This indicates that the dissociation takes place inside the water clusters, which originally consisted of pure water molecules.
(b)
Indeed the structure of the clusters changed substantially, becoming flatter and with a peculiar high contrast (bright) periphery, as shown in Figure 10 . With sharp tips the internal structure of the clusters can be resolved and seen to consist of hexagonal units. 
(d) Formation of isolated OH molecules using tip manipulation techniques
Although thermal treatment did not generate isolated OH, these could be produced using the tip and the tunneling electrons to either separate the cluster into its constituents or to directly dissociate the molecules. In the example shown in Figure 10 , the tip was repeatedly scanned over the cluster on the right of the image with a sample bias of 0.5-0.7
V. As a result, isolated water molecules, OH molecules and O atoms were produced by the disassembly of the cluster as well as by the dissociation of H 2 O and/or OH. In this experiment the tip changed structure during manipulation form blunt, in (a), to sharp, in (b), possibly functionalized by picking up a molecule. We also found that voltage pulses of 1 volt or higher applied when the tip is over a water molecule produced OH and H. This and other tip-induced effects will be discussed in detail elsewhere. Figure 11 (a) shows two OH molecules produced by dissociation of water molecules.
They are imaged as ~10 pm high protrusions. The H atom produced during dissociation was usually not found on nearby sites due to its easy diffusion when excited by tip voltages as low as 80 mV. Using the lattice extrapolation technique described above for the other species, we determined that the adsorption site of OH is the hcp hollow, although it could occasionally be displaced to fcc or bridge sites during manipulation experiments. The DFT results are in line with these observations: we obtain similar adsorption energies for OH at the hcp and fcc hollow sites (Table I) while adsorption on top sites is clearly unfavorable. The inset in Figure 11 (b) shows a simulated OH image.
Like CH, OH appears as a shallow depression with a bump at the center, but the 3-fold symmetry is not present in OH. The dark ring surrounding the bump, clearly visible in simulated images, is difficult to see in the experimental images due to its smaller contrast, as shown in the height profile in Figure 11 (b) . The calculated image exhibits also a slightly higher central protrusion.
(a)
OH OH CH C (b) Figure 11 .
Conclusions
Using a newly constructed low temperature STM we determined the species formed by the adsorption of H 2 O, its dissociation, and reaction products on Ru(0001). Dissociation was produced by thermal annealing and also by tip-induced processes. The following Table 1 .
DFT derived adsorption energies [eV] for all the species considered in this work and for different high symmetry sites.
Footnote:
42
The calculations have been performed for a p(4 × 4) cell and the quoted values correspond to the total energy difference between the isolated gas-phase species plus the clean Ru(0001) p(4 × 4) slab and the adsorbed species including the Ru slab. a) H 2 O-C complex with the geometry depicted in Figure 7 (d) : H 2 O at top and C at hcp sites. The gas phase contribution to the adsorption energy is assumed to be the same as the sum of the isolated C and H 2 O: 9.75 eV. Hence, the difference between the adsorption energies is an estimate of the strength of the H-C hydrogen bond, for which we obtain a value of 100 meV.
b)
A metastable minimum in the total energy at this site was not found. Upon relaxing, the water molecule shifted to the top site. Table 2 .
Summary of adsorption sites, apparent height and shape in STM images obtained with blunt and sharp tips.
Footnote: a) Theoretically derived appearances are shown only for the sharp tip.
